Androgens play a key role in skeletal growth and maintenance in males and can mediate their actions, at least in part, via the androgen receptor (AR) in osteoblasts. To investigate the mechanisms by which androgens exert their effects via the AR in mineralizing osteoblasts and osteocytes, we identified gene targets/pathways regulated by the AR using targeted gene expression and microarray approaches on bone isolated from mice in which the AR is specifically deleted in mineralizing osteoblasts and osteocytes (mOBL-ARKOs). Gene ontology mining indicated a number of biological processes to be affected in the bones of mOBL-ARKOs including skeletal and muscular system development and carbohydrate metabolism. All genes identified to have altered expression in the bones of mOBL-ARKOs were confirmed by Q-PCR for their androgen responsiveness in an androgen deprivation and replacement mouse model. The osteoblast genes Col1a1 and Bglap and the osteoclast genes Ctsk and RANKL (Tnfs11) were upregulated in the bones of mOBLARKOs, consistent with the increased matrix synthesis, mineralization, and bone resorption observed previously in these mice. Of significant interest, we identified genes involved in carbohydrate metabolism (adiponectin and Dpp4) and in growth and development (GH, Tgfb (Tgfb2), Wnt4) as potential targets of androgen action via the AR in mineralizing osteoblasts.
Introduction
Androgens are essential for skeletal growth and bone accrual during puberty (Vanderschueren et al. 2004) and for bone maintenance post-puberty in males (Basaria & Dobs 2001) , determining both the strength and size of adult bone (Wiren 2005) . We and others have shown that global deletion of the androgen receptor (AR) in mice results in bones of reduced size and cortical thickness, with decreased trabecular bone volume compared with control males (Yeh et al. 2002 , Kawano et al. 2003 , Venken et al. 2006 , indicating that these important actions of androgens are via the AR in bone and not through aromatization to estrogen and action via the estrogen receptor. However, the exact mechanism by which androgens exert these actions via the AR on bone remains unclear.
There is convincing evidence in the literature indicating that the effects of androgens on bone are mediated, at least in part, by the AR expressed on osteoblasts (Colvard et al. 1989 , Kasperk et al. 1989 . There are three distinct stages of osteoblast development: proliferation, matrix development and maturation, and mineralization of the bone matrix (Owen et al. 1990) . During the bone formation process, a proportion of osteoblasts are embedded within the mineralized bone matrix, becoming osteocytes (Franz-Odendaal et al. 2006) , which also express the AR (Abu et al. 1997) . It is therefore conceivable that androgens may have different actions on osteoblasts at different stages of their development.
Insight into the role of androgens via the AR in osteoblasts at specific stages of their development has been gained by the use of genetically modified mouse models. Transgenic mice over-expressing the AR from the proliferating stage of osteoblast development, including those located at the periosteum, using the 3 . 6 kb Col1a1 promoter, have increased periosteal apposition (Wiren et al. 2004 ). In contrast, overexpression of the AR in osteoblasts from late in the matrix development and maturation stage using the 2 . 3 kb Col1a1 promoter has no effect on bone size as measured by periosteal circumference (Wiren et al. 2008) . Both AR transgenic models do, however, have a common phenotype of reduced formation at endocortical surfaces and increased trabecular bone volume as a result of reduced bone turnover (Wiren et al. 2004 (Wiren et al. , 2008 . Together, these data suggest that activation of the AR in immature osteoblasts mediates its anabolic effects on the periosteum, while AR action in both immature and mature osteoblasts inhibits bone formation at the endocortical surfaces while downregulating bone turnover within trabecular bone. Consistent with these findings, we have previously shown that deletion of the AR specifically in mineralizing osteoblasts and osteocytes in mOBL-ARKOs using the Cre/loxP system leads to trabecular and cortical bone loss due to increased bone resorption and an uncoupling of the bone matrix synthesis and mineralization processes, while bone size was not affected (Chiang et al. 2009 ).
We now extend our studies on the mOBL-ARKO mice in order to identify target genes/pathways in bone that are regulated either directly or indirectly by androgens acting via the AR in mineralizing osteoblasts and osteocytes. To achieve this, we used two approaches. First, we used a targeted approach in which we determined the level of expression of genes expressed by osteoblasts, at defined stages of their development, and by osteoclasts, in the bones of mOBL-ARKOs and wild-type (WT) littermate controls. The second approach was to use microarray analysis to identify novel gene targets/pathways in bone regulated by the AR in mineralizing osteoblasts.
Materials and methods

Mice
The generation of the mOBL-ARKO mice used in this study has been described previously (Chiang et al. 2009 ). Briefly, mOBL-ARKOs were generated by breeding floxed AR mice (Notini et al. 2005 ) with osteocalcinCre mice (Chiang et al. 2009 ). mOBL-ARKOs were on a congenic C57BL/6 background. WT littermates were used as controls in all experiments. Genomic DNA isolated from tail biopsy was used as a template for PCR genotyping. The primer sequences used to detect the Cre transgene and the floxed AR allele have been described previously (Notini et al. 2007) . Mice were supplied with water and standard chow containing 1 . 2% calcium and 0 . 96% phosphorous (Ridley Agriproducts, Corowa, NSW, Australia) ad libitum and were housed at 22 8C in a 12 h light:12 h darkness cycle in standard cages. All procedures involving animals were approved by the Austin Health Animal Ethics Committee.
Serum and bone collection
WTand mOBL-ARKO mice were killed at 6 and 12 weeks of age by isoflurane anesthesia and cervical dislocation following a 4 or 12 h fast for 6-and 12-week-old mice respectively. Both tibia and femora were dissected and growth plates and all surrounding soft and connective tissue was removed. Cardiac blood was collected and serum was stored at K20 8C. In order to test the androgen responsiveness of those genes identified to be regulated in mOBL-ARKOs by microarray and gene expression analyses, 7-week-old WT male mice were randomly allocated into sham, orchidectomy (ORX) plus vehicle, or ORX plus dihydrotestosterone (DHT) treatment experimental groups. Empty control implants or DHT implants (3!1 cm; Axell et al. 2006) were placed in the intra-abdominal fat layer at the time of surgery. At 10 weeks posttreatment, mice were killed by i.p. injection of 100 mg/kg sodium pentobarbitone and both tibiae were dissected and all surrounding soft and connective tissue was removed.
RNA isolation and cDNA synthesis
Total RNA was isolated from whole tibia and femur, including bone marrow but excluding growth plates, of WT and mOBL-ARKO male mice at 6 and 12 weeks of age and both tibiae of sham, ORX, and ORX plus DHT groups as described previously (Davey et al. 2000) . Total RNA (2 mg) was treated with two units of DNase I according to the manufacturer's instructions (DNA-Free Kit; Ambion, Austin, TX, USA). cDNA was synthesized from 1 mg DNase-treated RNA using random hexamers (Promega) and M-MLV reverse transcriptase, according to the manufacturer's instructions (Promega).
Microarray analysis
Microarray analysis was performed by the Australian Genome Research Facility using the Affymetrix mouse genome 430 v2.0 array. This array uses more than 45 000 probe sets to measure gene expression of more than 39 000 transcripts and variants, including 34 000 wellcharacterized genes. Five micrograms of total RNA from WT and mOBL-ARKO males at 6 and 12 weeks of age (nZ3 per group) were analyzed in duplicate. Normalization and differential gene expression analysis were carried out by the Australian Genome Research Facility using Partek Genomic Suite (Copyright Partek Inc., St Louis, MO, USA) and R/Bioconductor software (http://www.bioconductor.org). Genes were considered to be androgen responsive if expression was increased or decreased compared with controls by R1 . 5-fold (P!0 . 05). Pathways, processes, or functions that were over-represented in the androgen-responsive gene set were identified using the online Ingenuity pathway analysis tool (http://www.ingenuity.com/).
Quantitative real-time PCR
The mRNA levels of a number of genes known to be important in osteoblast and osteoclast development were determined in bone RNA samples of WT and mOBL-ARKOs (nZ15-20 per group) using quantitative real-time PCR (Q-PCR). The expression of genes of interest, identified to be androgen responsive by microarray analysis, was also confirmed in these bone RNA samples. Q-PCR was performed in duplicate using 10-75 ng cDNA per 20 ml reaction on an Applied Biosystems 7500 Real-Time PCR System, using Applied Biosystems TaqMan gene expression assays (Supplementary Table 1 , see section on supplementary data given at the end of this article). Absolute expression was calculated using the C T method with values for the gene of interest normalized to eukaryotic 18S rRNA and expressed relative to a reference sample.
Serum biochemistry
Serum DHT was analyzed by organic solvent extraction and RIA (Beckman Coulter, Fullerton, CA, USA) as described previously (MacLean et al. 2008) . The sensitivity of the assay is 0 . 01 nM, the intra-assay coefficient of variation range is %6 . 2%, the inter-assay coefficient of variation is %8 . 5%, and the assay is highly specific for DHT. Serum adiponectin was measured by ELISA according to the manufacturer's instructions (Quantikine; R&D Systems, Inc., Minneapolis, MN, USA). Fasting serum glucose levels were measured using a GM7 Analox glucose analyser (Helena Laboratories, Beaumont, TX, USA).
Statistical analysis
To compare the means of two groups, the unpaired Student's t-test was used, with Levene's test for homogeneity of variance. To compare more than two groups, data were analyzed by one-way ANOVA, with Tukey's or Tamhane's post hoc tests for equal and unequal variance respectively. All data were analyzed with SPSS for MacOSX except the GO c 2 analysis, which was calculated using the Ingenuity online tool. A P value of !0 . 05 was considered significant.
Results
Targeted approach
To identify genes regulated directly or indirectly via the AR, we first used a targeted approach to determine the mRNA levels of genes expressed by osteoblasts at defined stages of development and by osteoclasts in mOBL-ARKOs and WT controls. The mRNA levels of the osteoblast-specific genes, Col1a1 (PZ0 . 05) and Bglap (P!0 . 05), were increased twofold in the bones of mOBL-ARKOs compared with WT mice at 6 and 12 weeks of age respectively (Figs 1 and 2). mRNA expression of the osteoclast genes, Ctsk and RANKL, was increased in the bones of mOBL-ARKO by 3 . 4-fold at 6 weeks of age and by twofold at 12 weeks of age, respectively (P!0 . 05), while the ratio of RANKL:OPG did not differ from WT (Fig. 2 ).
Microarray analysis
To identify novel gene targets/pathways activated by the AR in osteoblasts, we used microarray analysis. In the bones of mOBL-ARKOs, microarray analysis identified 24 genes that were regulated by R1 . 5-fold at 6 weeks of age, 374 genes regulated at 12 weeks of age, with 13 genes regulated at both 6 and 12 weeks of age compared with WT (data available at http://www.ebi.ac. uk/arrayexpress/experiments/E-MTAB-1123). Gene ontology mining performed on the androgen-responsive genes identified a number of significantly over-represented 6 wk 12 wk 6 wk 12 wk 6 wk 12 wk 6 wk 12 wk Figure 1 mRNA levels of osteoblast genes in the bones of WT and mOBL-ARKO mice at 6 and 12 weeks of age by Q-PCR. Runx2, runt-related transcription factor 2 (cbfa1); Col1a1, type 1 a1 collagen; Alp1, alkaline phosphatase 1; Spp1, osteopontin; Figure 2 mRNA levels of osteoclast genes in the bones of WT and mOBL-ARKO mice at 6 and 12 weeks of age by Q-PCR. Ctsk, cathepsin K; Acp5, tartrate-resistant acid phosphatase; RANK, receptor activator of nuclear factor kB; RANKL, receptor activator of nuclear factor kB ligand; OPG, osteoprotegerin. MeanCS.E.M., functional processes/disorders including cellular growth and proliferation, cellular development, skeletal and muscular system development and function, and carbohydrate metabolism (Tables 1 and 2 ). Candidate genes representative of these biological processes were chosen for further investigation based on the evidence provided from PubMed searches to support their potential role in the regulation of bone. The regulation of key candidate genes in the bones of mOBL-ARKOs compared with WT mice was confirmed by Q-PCR (nZ16-20 per group). A number of genes of interest, whose expression was identified to be altered in mOBL-ARKOs by microarray, could not be confirmed by Q-PCR analysis in a larger cohort of bone cDNA samples (data not shown). In the bones of mOBL-ARKOs, the mRNA expression of genes associated with bone growth and development was upregulated; Gh mRNA expression was increased 3 . 6-fold (P!0 . 005), Wnt4 increased by 2 . 3-fold (P!0 . 05), Irf4 increased by 2 . 6-fold (P!0 . 001), and Tgfb2 increased by twofold (P!0 . 05) compared with WT at 12 weeks of age (Fig. 3) . ltbp2 gene expression was upregulated 3 . 4-and 2 . 4-fold at 6 (P!0 . 005) and 12 weeks (P!0 . 05) of age, respectively, in mOBL-ARKOs compared with controls (Fig. 3) . Expression of genes involved in carbohydrate metabolism, Dpp4 and Adipoq, were upregulated in mOBL-ARKOs by 2 . 6-fold at 6 weeks of age (P!0 . 05) and by 2 . 7-fold at 12 weeks of age (P!0 . 005) (Fig. 4) .
Androgen deprivation and replacement experiment
Genes confirmed to be regulated in mOBL-ARKOs were further investigated for their response to androgen deprivation and replacement using an ORX and DHT treatment mouse model. Serum DHT levels were decreased in ORX WT males compared with sham controls (meanGS.E.M.; sham: 1 . 55G0 . 49 nM, nZ11, vs ORXCvehicle: 0 . 45G0 . 07 nM, nZ11, P!0 . 05). Treatment of ORX males with DHT implants for 10 weeks increased serum DHT levels by 40-fold (meanGS.E.M.;
ORXCvehicle: 0 . 45G0 . 07 nM, nZ11, vs ORXCDHT: 17 . 79G2 . 37 nM, nZ13, P!0 . 001). As serum estradiol is below the detection limit of 5 pg/ml in male mice, such measurements were not performed as they would not be informative in ORX mice with or without DHT treatment. A number of genes confirmed to be upregulated in mOBL-ARKOs by Q-PCR were also shown to be increased in WT males following ORX Table 1 Summary of Top Bio Functions identified by GO analysis from microarray analysis of 24 genes to be over-represented in bones of mOBL-ARKOs at 6 weeks of age (R1 . 5-fold) (Fig. 5a, b, c and d) . This comprised osteoblast genes, Col1a1 and Bglap (Fig. 5a ), and those identified by microarray analysis to be involved in growth and development, Gh and Irf4 (Fig. 5c) , and carbohydrate metabolism, Adipoq (Fig. 5d) . Treatment of ORX males with DHT restored the mRNA levels of these genes to those observed in WT sham-operated controls (Fig. 5a , b, c and d).
Serum adiponectin and glucose
Serum adiponectin was decreased in mOBL-ARKOs at 6 weeks of age compared with WT (P!0 . 01) but was unchanged at 12 weeks of age (Fig. 6a) . Serum glucose was unaffected in mOBL-ARKOs at 6 or 12 weeks of age (Fig. 6b) .
Discussion
It is well established that androgens play an important role in skeletal growth and bone maintenance in males. We have previously shown that the actions of androgens on bone, at least in part, are mediated via the AR located in osteoblasts (Notini et al. 2007 , Chiang et al. 2009 . We have shown using our mOBL-ARKO mouse model that androgens act through the AR in mineralizing osteoblasts and osteocytes to maintain cortical and trabecular bone by controlling the coordination of bone matrix synthesis and mineralization and by indirectly regulating bone resorption (Chiang et al. 2009 ). We now extend our studies on male mOBL-ARKO mice in order to identify target genes/pathways within bone that are regulated either indirectly or directly by AR action in mineralizing osteoblasts.
To achieve this aim, we used two approaches. The first was a targeted approach whereby we determined the levels of genes expressed specifically by osteoblasts at different stages of their development and also genes known to be highly expressed by osteoclasts. The second approach was microarray analysis on RNA extracted from whole bone of mOBL-ARKOs and controls to identify possible novel gene targets and pathways responsible for the bone phenotype observed in these mice (Chiang et al. 2009 ). Our rationale for determining the gene expression profiles in both immature (6 weeks of age) and adult (12 weeks of age) mOBL-ARKOs is that the bone loss in mOBLARKOs was most marked at 6 weeks of age, with an unexpected compensatory increase in osteoblast activity observed in adult mice at 12 weeks of age (Chiang et al. 2009 ). The rationale for performing microarray analysis on RNA collected from whole bone was to ensure that we had the ability to identify genes that are regulated either indirectly or directly by AR action in mineralizing osteoblasts in both cortical and trabecular bone and in all bone cell types. This was particularly important given that we have previously shown that deletion of the AR specifically in mineralizing osteoblasts in mOBL-ARKOs has not only direct effects on bone formation but also indirect effects on osteoclasts to increase bone resorption, with these effects being observed in both trabecular and cortical bone (Chiang et al. 2009 ).
Gene ontology mining performed on the androgenresponsive genes identified a number of significantly over-represented functional processes/disorders including those involved in growth and development, in particular those involved in skeletal and muscular system development and function and carbohydrate metabolism. A number of genes identified to have altered expression in the bone of mOBL-ARKOs by microarray analysis could not be confirmed by Q-PCR, *** * * * ** ** WT mOBL-ARKO 6 wk 12 wk 6 wk 12 wk 6 wk 12 wk 6 wk 12 wk Figure 3 mRNA levels of genes involved in growth and development in the bones of WT and mOBL-ARKO mice at 6 and 12 weeks of age by Q-PCR. Tgfb2, TGFB2; Wnt4, winglessrelated MMTV integration site 4; ltbp2, latent transforming growth factor binding protein 2; Irf4, interferon regulatory factor 4.
MeanCS.E.M., nZ16-20 per group; *P!0 . 05, **P!0 . 005, ***P!0 . 001 vs WT within age group, unpaired Student's t-test. highlighting the importance of confirming all microarray analysis gene regulation data in a larger cohort of RNA samples before drawing conclusions. All the genes discussed below were confirmed to have altered expression in RNA isolated from the whole bones of mOBL-ARKOs compared with controls by Q-PCR with 16-20 samples per group. Given the heterogeneous nature of bone together with the intricate communication network that exists between bone cells, this approach has advantages over using in vitro cultures of isolated osteoblasts from mOBL-ARKOs, as it is a better representation of the bone microenvironment in vivo and also allows the identification of genes indirectly altered in other bone cell types as a result of loss of AR action in mineralizing osteoblasts, such as osteoclasts. As a proof of principal, all genes confirmed to be regulated following their identification by either the targeted or microarray approach were investigated for their androgen responsiveness in an androgen deprivation and replacement male mouse model. ORX led to negligible levels of serum DHT. As mice do not produce adrenal androgens (Payne & Hales 2004) , the ORX mice are completely androgen null and the low levels of DHT detected in these mice must be due to the low level of cross-reactivity of the anti-DHT antibody with other steroid hormones (Yarrow et al. 2010) . Treatment of the ORX mice with the nonaromatizable androgen, DHT, resulted in supraphysiological levels of DHT, 40-fold higher than those observed in sham controls. As expected, the expression of a number of genes identified to be upregulated in mOBL-ARKOs (Col1a1, Bglap, Gh, Irf4, and Adipoq) was increased following ORX, and treatment of these mice with DHT restored the expression levels to those observed in sham-operated controls. The upregulation of Col1a1 and Bglap expression in the bones of ORX males is consistent with the well-established increase in bone turnover and bone loss following ORX in male rodents, which is prevented with DHT treatment (Vanderschueren et al. 1992) . As DHT cannot be aromatized to estradiol, these data provide further evidence to support the regulation of the expression of these genes by androgens acting via the AR in mineralizing osteoblasts and osteocytes. Abnormalities in bone mineralization previously observed in the mOBL-ARKOs were characterized by increased unmineralized bone matrix (osteoidosis) and a reduction in the number of mineralizing surfaces in skeletally immature mOBL-ARKOs. The osteoidosis persisted throughout adulthood in the mOBL-ARKOs despite a compensatory increase in both the extent and the rate of mineralization (Chiang et al. 2009 ). Consistent with these findings, we identified increases in the expression of genes encoding type 1 a1 collagen (Col1a1) and osteocalcin (Bglap), which are expressed during the matrix development and maturation and mineralization stages of osteoblast development, respectively, in addition to upregulation of the gene encoding latent transforming growth factor binding protein (ltbp2), a structural component of bone matrix. Consistent with the increased bone resorption and subsequent loss of trabeculae and thinning of cortical bone observed in the mOBL-ARKOs (Chiang et al. 2009 ), the expression of the osteoclast genes, Ctsk and RANKL, were increased in the bones of mOBL-ARKOs compared with controls at 6 weeks of age.
We previously hypothesized that the compensatory increase in mineralization observed in the absence of androgen action in the mineralizing osteoblasts of adult mOBL-ARKOs may be mediated by increased mechanical forces exerted on the fewer remaining trabeculae and/or action via the GH/IGF1 axis (Chiang et al. 2009 ). In support of this hypothesis, we identified a number of genes known to be associated with increased bone formation that were upregulated in the adult mOBL-ARKOs, including the growth factors, Gh and TGFB (Tgfb2), and the osteoblastogenesis stimulatory factor, WNT4 (Wnt4).
GH in the circulation is derived primarily from the anterior pituitary (Harvey 2010) but is also made locally within bone and acts in an autocrine or paracrine manner to stimulate bone growth (Baker et al. 1992 , Harvey 2010 . The upregulation of Gh expression in the bones of mOBL-ARKOs is consistent with the increase in GH secretion that occurs following AR blockade in males during late puberty (Metzger & Kerrigan 1993) .
Osteoblasts secrete TGFB and deposit it into the bone matrix, which they can then respond to in an autocrine manner (Robey et al. 1987) . The major action of TGFB in bone is to increase the proliferation and early differentiation of osteoblasts, while inhibiting terminal differentiation into osteocytes and apoptosis (Bonewald & Dallas 1994 , Karsdal et al. 2002 . The increase in Tgfb2 expression in the bones of mOBLARKOs is consistent with the increased bone mineral matrix and mineralization in these mice. A possible role of androgens via the AR in the regulation of Tgfb2 expression is supported by the observation that androgen withdrawal increases Tgfb2 mRNA in LNCap cells (Knabbe et al. 1993) .
Wnt4, which was also upregulated in adult mOBLARKOs, is expressed by bone lining cells and osteocytes and stimulates osteogenic differentiation of mesenchymal stem cells via the noncanonical signaling pathway in vitro and bone formation in vivo (Chang et al. 2007 ). While it has been shown that WNT4 is the first signaling molecule to influence the sex determination cascade to regulate the development of the female reproductive tract by antagonizing the production of testosterone (Biason-Lauber & Konrad 2008) , to our knowledge, this is the first evidence for a role of androgens acting via the AR in osteoblasts to regulate Wnt4 gene expression within bone.
Of significant interest, we identified two genes involved in carbohydrate metabolism to be upregulated by deletion of the AR in mineralizing osteoblasts and osteocytes. The first was Adipoq, which encodes adiponectin. The CNS contributes directly to the regulation of bone homeostasis via efferent neural pathways (Wong et al. 2008) . It has recently been proposed that adiponectin, predominantly a lipidderived adipokine, is one of the key candidates responsible for the cross talk between bone and fat. Supportive evidence for this theory includes the expression of adiponectin receptors by osteoblasts (Berner et al. 2004 ) and osteoclasts (Oshima et al. 2005) , and over-expression of adiponectin in mice leads to increased trabecular bone volume due to decreased bone resorption (Oshima et al. 2005) . Interestingly, serum adiponectin levels are inversely related to visceral fat mass (Arita et al. 1999) . It has been proposed that this paradoxical relationship is maintained by the inhibition of adiponectin secretion by cytokines and hormones including testosterone (Swarbrick & Havel 2008) evidenced by the elevated levels of circulating adiponectin in hypogonadal men and ORX mice, which decrease following treatment with testosterone (Lanfranco et al. 2004 , Page et al. 2005 , Xu et al. 2005 . The upregulation of Adipoq expression in bone of the mOBL-ARKOs is consistent with an action of androgens, acting via the AR in mineralizing osteoblasts to negatively regulate the expression of adiponectin. The increased Adipoq expression within bone of the mOBLARKOs together with the increased mineralization observed in these mice is also consistent with the positive actions through the autocrine/paracrine pathway of locally produced adiponectin within bone to stimulate bone formation (Berner et al. 2004 , Shinoda et al. 2006 .
Based on our previous observation of increased adiposity and serum adiponectin in global AR knockout mice (Rana et al. 2011) , we determined the serum levels Figure 6 Serum (a) adiponectin (mg/ml) and (b) glucose (mmol/l) in wild-type (WT) and mOBL-ARKOs at 6 and 12 weeks of age.
of adiponectin and fasting glucose in mOBL-ARKOs. In mOBL-ARKOs, serum glucose levels were unaffected; however, adiponectin was decreased at 6 weeks of age, which returned to normal by adulthood. This is perhaps not surprising given that the levels of adiponectin found in the serum do not necessarily reflect the local concentrations found within the bone microenvironment (Berner et al. 2004) . While mOBL-ARKOs have normal body weight (Chiang et al. 2009) , the mass of different fat pads and the local concentrations of adiponectin within the bone have not been determined. Nonetheless, these findings of the regulation of both circulating adiponectin and Adipoq expression within bone in the absence of AR action in mineralizing osteoblasts are intriguing and warrant further investigation.
The second gene involved in carbohydrate metabolism identified to be upregulated in mOBL-ARKOs was Dpp4, which encodes dipeptidyl peptidase 4 (DPP4). DPP4 plays a major role in glucose metabolism by degrading incretins, the gastrointestinal hormones that increase insulin secretion from b-cells after eating, before the rise in blood glucose (Drucker & Nauck 2006) . Evidence for a role of DPP4 in the regulation of bone metabolism, to date, is limited. DPP4 has been shown to be expressed by cells of the monocytemacrophage lineage, osteosarcomas, and osteoclasts (Dohi et al. 2009 ), while different DPP4 inhibitors have been shown to have opposite effects on bone mineral density in mice (Kyle et al. 2011) . While low circulating levels of testosterone have been implicated to play a role in the pathogenesis of diabetes in humans (Grossmann et al. 2010 ) and DPP4 has been identified to have actions on bone, the potential role of androgens in the regulation of DPP4 within bone is unknown.
This study is the first step in identifying genes within bone that have altered expression as a result of loss of androgen action via the AR in mineralizing osteoblasts and osteocytes. The targeted and microarray approaches used in this study identified a number of genes of significant interest. Many of the genes shown to be upregulated in mOBL-ARKOs were consistent with their bone phenotype and the action of androgens via the AR in mineralizing osteoblasts to regulate matrix synthesis and mineralization (Col1a1, Bglap, Gh, and Tgfb2) and to indirectly inhibit bone resorption (Cstk and RANKL; Chiang et al. 2009 ), thereby validating our experimental approach. Importantly, this approach also enabled the identification of novel AR gene targets within bone, such as Wnt4, Adipoq, and Dpp4.
In conclusion, androgens act directly via the AR in mineralizing osteoblasts to regulate the expression of genes involved in the development and regulation of osteoblasts, osteoclasts, and skeletal growth, in addition to those involved in energy metabolism.
Future studies targeting these genes and pathways within specific bone cell types using knockdown and over-expression approaches will allow further investigation into the downstream targets of the AR in osteoblasts.
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